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Korean  Liquid  Rockets 
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Period 
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2  stage 

(1st:  liquid,  2nd:  solid) 

Supply 

Pressure  Type 
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Cooling 

Ablative  Cooling 
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Engine 

Development 
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|  Specification  | 
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Breakup  Mechanism 


>  Impinging  type  injector  (Like-Doublet)  >  Coaxial  type  injector  (Swirl-Coaxial) 


impingement 

point 


sheet 


ligament 


droplet 


breakup 

length 


breakup 

wavelength 


•  Impact  force 

•  Aerodynamic  force 


•  Centrifugal  force  (thinning  of  sheet) 

•  Aerodynamic  force 

•  Impact  force  (emulsion  injection) 
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Linear  Instability  Theory 


Modeling  sheet  breakup  length  and  droplet  size 


Huang  H9701 
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Objectives 


>  Impinging  type  injector  (Like-Doublet) 

Find  the  breakup  characteristics  of 
laminar  and  turbulent  sheets  in  high 
pressure  environments. 


>  Coaxial  type  injector  (Swirl-Coaxial) 


I  cm  | 

Vj=3  mJs 

VplO  itu's 


Vj-2ftin/s 


V  =50  [[Vs 


Strakey  &  Talley  (2000) 


P;=0.1  MPs  Pr=fl.7?>  MPa  P-3.S4MPi  P, -10.41  MPa 


Find  the  effect  of  recess  on  the  spray 
characteristics  of  liquid-liquid  swirl  coaxial 
sprays  in  high  pressure  environments. 
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D.  Kendrick  et  al. 
(ONERA,  FRANCE,  1999) 


High  Pressure  Chamber 


Traversing  device 


Quartz  window 


—  Air-curtain 
system 


Drain 
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Window  Size 
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Like-Doublet  Injector  Design 


Fuel  IK 
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Increasing  ambient  gas  pressure,  P, 


Laminar  Sheet  Breakup  (1/3) 

Changes  of  Sheet  Shapes 


Increasing  injection  velocity,  U; 


► 
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•  When  Weg<1 ,  laminar  sheets  expand  as  increasing  mass  flow  rate  and  aerodynamic  force  does  not 
affect  the  sheet  breakup. 

•  When  Weg>1 ,  laminar  sheets  are  broken  by  aerodynamic  force. 
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Laminar  Sheet  Breakup  (3/3) 

Breakup  Length  Modeling 


•  Huang  [1970] : 

xb/d0=  T.lp-^Wej-1'3 

•  Ryan  et  al.  [1995] : 

xb/do=10.4p-2/3Wej-1/3 

•  Present : 

xb/d0=  g^p-^Wej-1'3 
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Increasing  ambient  gas  pressure,  P, 


Turbulent  Sheet  Breakup  (1/4) 

Changes  of  Sheet  Shapes 


Increasing  injection  velocity,  U , 
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Turbulent  Sheet  Breakup  (2/4) 

Sheet  Breakup  Criteria 


(A)  Expansion  Regime  (Weg<2) 

•  Sheet  breakup  is  not  controlled  m 
by  waves. 


Breakup  periodicity  does  not 
appear. 


Pr.=0.4MPa 

Uj=^rrira 


(B)  Wave  Breakup  Regime  (2<  Weg<100) 


Sheets  are  broken  by  waves. 

Breakup  periodicity  appears. 

It  is  difficult  to  measure  breakup 
wavelength  when  Weg>50. 


(C)  Catastrophic  Breakup  Regime  (Weg>100) 

•  Sheets  are  broken  just  after 
injection. 

•  xb  as  well  as  Ab  can  not  be 
discriminated. 
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x,/d 


•  When  Weg<2,  turbulent  sheets  expand  as  increasing  mass  flow  rate;  aerodynamic  force  does  not 
affect  the  sheet  breakup. 


•  When  2  <  Weg<100,  turbulent  sheets  are  broken  by  waves  generated  by  aerodynamic  force  and 
impact  force. 
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Turbulent  Sheet  Breakup  (4/4) 

Breakup  Length  Modeling 
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•  When  2<Weg<100  , 


xb/do=0.59ip 


-4.63We."0'41  i  \/\/e.0-31 
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•  The  effect  of  ambient  density  is 
mitigated  as  increasing  jet  Weber 
number  (i.e.,  impact  force). 
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Drop  Size  Measurements  (1/3) 

Changes  of  Drop  Images 
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Drop  Size  Measurements  (2/3) 

Dropsizing  Method 


I —  Characteristics  of  this  method  - 

•  Convenience  to  setup  and  handle,  capability  to  treat  the 

non-spherical  and  overlapped  drops 

•  Direct  visualization  of  drops,  and  relatively  cheap  method 

•  Hard  to  select  in  focus  drops  and  a  proper  threshold 

•  Need  a  algorithm  to  recognize  the  pattern 


Overall  procedure  of  image  processing  method 
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Intermediate  images 
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Drop  Size  Measurements  (3/3) 

Drop  Size  &  Distribution 
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Swirl  Coaxial  Injector 


>  Injector  Parts 


>  Operating  Conditions 


Internal  impinging  position 


Lr 


•  Oxidizer  flowrate  :  25.6  g/s 

•  Fuel  flowrate  :  10.76  g/s 

•  O/F  ratio  :  2.38 
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Effect  of  Recess  (1/5) 

Spray  Patterns 


>  Definition  of  Recess  Number  >  Spray  patterns  with  recess  number 


0in :  inner  spray  angle 
R0 :  outer  injector  radius 
R; :  inner  injector  radius 
Lr  :  recess  length 
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Injection 
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Effect  of  Recess  (2/5) 

Breakup  Length 


>  The  ripple  is  formed  due  to  the 
internal  interaction  of  propellants. 

>  The  breakup  length  is  affected  by 
the  initial  wave  amplitude,  rj0 ,  of 
the  ripple  in  the  recess. 
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Effect  of  Recess  (3/5) 

Spray  Angle  &  Breakup  Length 


>  In  large  recess  region  (emulsion  injection) 

r/0  =  tji  Qxp(ikx)  k  =  kr+  ikt 

\n(?i()/?ii)=k(LR-Lc) 

Vo  :  wave  amplitude  at  the  injector  tip 
Vi  :  wave  amplitude  just  after  impinging 
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>  The  mean  drop  size  increases  with  recess  increased 
due  to  : 

(i)  the  increase  of  effective  film  thickness  and 

(ii)  the  decrease  of  spray  angle. 
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Mixing  Efficiency,  E 


Effect  of  Recess  (5/5) 

Mixing  Efficiency 
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>  The  decrease  of  mixing  efficiency  beyond 
the  recess  number  of  2.0  is  due  to  the 
propellant  separation  by  the  density 
difference. 
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Oxidizer  Spray  (1/3) 

Inner  Oxidizer  Spray 


14.42  g/s 


25.60  g/s 


Increase 

of 

oxidizer 

injection 

pressure 

~~i 

10.02  g/s 


Increase  of  chamber  pressure 


sin0 


Oxidizer  Spray  (2/3) 

Spray  Angle  (Single  Oxidizer) 


We  (=PWe  ) 


We  =  p  U2d  la 

g  /  g  0  0 


We  (=PWe  ) 


The  spray  cone  angle  increases  as  We0  or  mass  flow  rate  increases. 

The  spray  cone  angle  decreases  as  ambient  chamber  pressure  increases. 


U0  :  oxidizer  axial  velocity 
d0 :  oxidizer  injector  diameter 
We0  :  oxidizer  Weber  number 
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Oxidizer  Spray  (3/3) 

Breakup  Length  (Single  Oxidizer) 


•  The  breakup  length  decreases  as  ambient  density  or  We0  increases. 

•  In  spite  of  Weg<1 ,  the  breakup  length  decreases  as  ambient  density  or  We0  increases 
due  the  the  increase  of  spray  angle. 
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Coaxial  Spray  (1/3) 

Coaxial  Spray  with  Recess 
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—  Seo 


Increase  of  chamber  pressure 
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injection 
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sin0 


Coaxial  Spray  (2/3) 

Spray  Angle  (Coaxial  Spray) 


•  The  spray  cone  angle  decreases  by  increasing  oxidizer  We0. 

•  The  effect  of  ambient  density  on  the  spray  angle  is  not  significant  compared  with  that  of  oxidizer 
We0 
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•  As  the  oxidizer  We0  increases, 

-  internal  impact  force  increases.  strong  wave  occurs.  -»  xb  decreases. 
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Spray  Modeling  (1/2) 

Modeling  of  Spray  Angle 


De  Corso  and  Kemenv  T19571 


Q~P„ 


-1.6 


(a  range  of  gas  pressure  :  0.01-0.8  MPa) 
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Spray  Modeling  (2/2) 

Modeling  of  Breakup  Length 


•  The  effect  of  ambient  density  on  the  breakup  length  of  coaxial  spray  is  very  small. 

->•  The  main  breakup  mechanism  of  coaxial  spray  spray  is  the  impingement  of  both  propellants 
and  the  formation  of  unstable  wave  on  the  conical  liquid  sheet. 
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difficulty  /  cost 


Research  Progress  in  SNU 


Hierarchy  of  injector  experiments 


Progress  of  injector  design 
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(Ref.:  D.Talley,  AFRL  /  USA) 
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Conclusions  :  impinging  type  injector 


The  aerodynamic  force  significantly  affects  the  breakup  of  laminar 
sheet  when  the  aerodynamic  force  is  higher  than  the  surface  tension 
force  (i.e.  Wen  >1). 

-  When  Weg  <  1 ,  the  laminar  sheet  expands  as  increasing  the  injection  velocity; 
the  aerodynamic  force  does  not  affect  the  sheet  breakup. 

The  breakup  characteristics  of  turbulent  sheets  had  three  regimes:  i.e. 
expansion  regime,  wave  breakup  regime  and  catastrophic  breakup 
regime  based  on  We  . 

Droplet  size  agrees  well  with  that  of  linear  instability  theory. 

-  Drop  size  distribution  can  be  modeled  with  Rosin-Rammler  distribution  function. 
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Conclusions 


coaxial  injector 


The  spray  characteristics  of  swirl  coaxial  injectors  are  much  influenced  by 
the  interaction  position  of  propellants  in  the  recess. 

Two  regimes  are  found  :  outer  mixing  injection  and  emulsion  injection. 

In  the  case  of  single  inner  oxidizer  spray,  the  spray  angle  and  breakup 
length  decrease  as  the  ambient  chamber  pressure  increases. 

In  the  case  of  coaxial  spray  with  recess,  the  effects  of  ambient  density 
on  the  spray  characteristics  are  not  significant  compared  with  those  of 
inner  oxidizer  We0 . 
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